BEHAVIORAL ALTERATIONS
FOLLOWING EXPOSURE TO
A MIXTURE OF LEAD AND
ATRAZINE DURING EARLY
DEVELOPMENT IN THE
ZEBRAFISH MODEL SYSTEM
Abstract
Lead (Pb) and atrazine (ATZ) are hazardous environmental toxicants that can exist as a mixture in potable water.
Numerous single chemical studies on Pb and ATZ support adverse health outcomes, including neurotoxicity, but
mixture studies are limited. The aim of this study is to test the hypothesis that Pb and ATZ mixtures result in a greater
than additive toxicity, causing increased adverse health outcomes than single chemical exposures. The zebrafish model
system was exposed to 3 or 30 ppb (µg/L) ATZ, 10 ppb (equivalent to 0.1 µg/dL) or 100 ppb Pb, along with mixtures of
each beginning at 1 hour postfertilization (hpf) and continuing through 120 hpf. A visual motor response behavioral
assay was then conducted using the Noldus DanioVision. The visual motor response assay tracks locomotor movement
over five alternating periods of dark and light. The behavior data was analyzed by phase with a repeated measures
ANOVA. The 10 ppb Pb mixture behavior data showed significant hypoactivity in the 10 ppb Pb, 30 ppb ATZ, 3 ppb
ATZ/10 ppb Pb, and 30 ppb ATZ/10 ppb Pb treatments for all parameters in multiple phases (p < 0.05). The 100 ppb
Pb mixture behavior data also showed significant hypoactivity in the 100 ppb Pb and 30 ppb ATZ treatment groups,
along with hypoactivity in both mixture treatment groups (p < 0.05). Additionally, the 3 ppb ATZ treatment group had
hyperactivity in the third dark phase (p < 0.05). These data align with past single chemical behavior studies and
indicate a greater than additive mixture toxicity.
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INTRODUCTION
Atrazine (ATZ) is an agricultural herbicide derived from
6-chloro-1,3,5-triazine-2,4-diamine (Figure 1). Over the
past decade, the use of ATZ in the United States has
remained fairly consistent, making it the second most
commonly used herbicide after glyphosate. ATZ specifically is abundantly applied in corn fields in the midwestern United States for its effective broadleaf weed control,
as seen from the most recent preliminary annual agriculture pesticide data from 2019 by the United States
Geological Survey (USGS) (Figure 2). This herbicide can
often be combined with other pesticides for broader
spectrum weed control (Alvarez & Fuiman, 2005; Roberts

FIGURE 1. Chemical structure of atrazine (NCBI, 2022).

et al., 1998; Steinberg et al., 1995; Zhou et al., 2008). Due
to ATZ’s application in agricultural fields, runoff and
leaching from treated crop fields results in drinking water
contamination. It has been reported that ATZ can
contaminate drinking water supplies in all regions where
it is used, and often at concentrations above the current
U.S. regulatory level of 3 parts per billion (ppb, µg/L).
Fluxes in ATZ concentration in drinking water sources
are attributed to the seasonal variation observed related
to time of field application and rain events. Generally,
concentration of ATZ in drinking water sources peaks in
late spring and early summer near rural agricultural fields
(Byer et al., 2011). Additionally, ATZ has been classified
as an endocrine-disrupting chemical (EDC). EDCs can
potentially alter any biological pathway regulated by
hormones, affecting outcomes such as reproductive
function, development and growth, behavior, and cancer
pathways. For instance, it has been suggested that ATZ
exposure through daily drinking water is linked to
increased incidences of some cancers, but more work is
needed to confirm these connections, making it a
suspected carcinogen (Freeman et al., 2011).
Lead (Pb), on the other hand, is a heavy metal of significant global public health concern. In the United States, Pb
has resurfaced as a substantial health concern based on

FIGURE 2. Estimated agricultural atrazine usage in the United States in 2019
(preliminary) from USGS.gov (USGS, 2019).
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FIGURE 3. Number of people served by county with Pb contamination in tap water (Basic Information about Lead in
Drinking Water, 2016).

recent events such as that in Flint, Michigan, showcasing
current widespread exposure in many U.S. communities
(Figure 3). The inadequate water treatment and overlooked monitoring results in devastating adverse health
outcomes, especially in children six years or younger who
are the most susceptible to the neurodevelopmental
effects of Pb (Denchak, 2018). The current blood Pb
reference value set by the U.S. Centers for Disease
Control and Prevention (CDC) in children is 3.5 µg/dL.
Even these lower levels of Pb can adversely affect almost
every organ system and have been linked to tumors of the
brain, lung, and kidney as well as long-term health
problems. A major exposure source of Pb to the general
population comes from plumbing systems in households
built prior to 1986, which can leach Pb into household
water supplies. This occurs from the corrosion of Pb and
results from many factors including water temperature,
amount of Pb, water acidity or alkalinity, amount of wear
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on pipes, and presence of protective coatings (Basic
Information about Lead in Drinking Water, 2016). The
U.S. Environmental Protection Agency (EPA) does not
have a maximum contaminant level (MCL) for Pb (i.e.,
it is 0 ppb), but instead uses a treatment technique known
as the “lead and copper rule” to control the amount of
corrosivity in water supplies (Basic Information about
Lead in Drinking Water, 2016). Furthermore, Pb is
persistent in our environment and can also appear
through the burning of coal, oil, or waste. It gets removed
from the atmosphere by rain, ending up in surface water,
so Pb continues to remain a global health problem.
Developmental exposure to ATZ or Pb individually
has been shown to disrupt the molecular pathways
of carcinogenesis and neurological disorders that can
impact health later in life (Lee & Freeman, 2014, 2016;
Lee et al., 2018; Weber et al., 2013). Currently, there is

a lack of knowledge regarding mixture toxicity between
the connections of ATZ and Pb and how these environmental chemicals influence each other when inside a
biological system simultaneously. There has been
extensive research investigating the toxicity of these
individual contaminants at environmentally relevant
concentrations, but there are no studies evaluating a
mixture exposure to both ATZ and Pb. This limitation
is significant as exposure to this mixture is very likely,
especially in individuals living in the midwestern United
States (i.e., where ATZ contaminates drinking water
supplies) in older homes where Pb solder was commonly
used in plumbing. The combination of ATZ contamination from agricultural use and leaching of Pb from water
pipes and solder that was commonly used in the United
States until 1986 results in the increased risk of a mixture
exposure in potable water. The combined interactions
could lead to significant toxicity to organisms, prompting the need for a deeper dive into understanding the
mixture toxicity and the underlying mechanisms
of toxicity.
In this study, the zebrafish model system was utilized to
perform toxicity analysis to understand the behavioral
changes from ATZ and Pb mixtures during development.
The zebrafish model is an integrative model system, and
there has been increasing evidence linking the relevance
of findings in zebrafish to mammalian models and
humans (Ablain et al., 2018; He et al., 2017). This model
is very advantageous to use for toxicity studies.
Importantly, many biological pathways are shared among
fish and mammals due to their generally well-conserved
development, cellular networks, and organ systems.
A substantial amount of biological research is completed
with the zebrafish including a finished reference genome
sequence (Brown et al., 2012; Freeman et al., 2007). Genes
associated with human disease are 85% orthologous, and
mutations in these genes lead to similar disease phenotypes (Howe et al., 2013). Additionally, zebrafish have
high fecundity and can be experimented with ex vivo
manipulation at the earliest developmental stages. With
the extensive knowledge of its the morphological,
biochemical, and physiological processes at all life stages,
the zebrafish is an attractive complementary model. The
zebrafish model was used to test the central hypothesis
that ATZ and Pb mixtures would result in a greater than
additive effect through behavioral changes.

MATERIALS AND METHODS
A visual motor response assay was used to determine
locomotor behavior alterations in zebrafish following
exposure to ATZ or Pb alone or in mixture treatments at
two concentrations during development from 1 to
120 hours postfertilization (hpf). To attain zebrafish
embryos, adult male and female zebrafish of the wild
type 5D strain were bred. Fifty embryos were placed
in petri dishes containing their respective six sublethal
concentrations of treatments. The first experiment
included two ATZ concentrations with 10 ppb Pb, while
the second experiment included the same two ATZ
concentrations with 100 ppb Pb. For experiment 1
treatments were 0 parts per billion (ppb, µg/L) (negative
control of water only), 3 ppb ATZ, 30 ppb ATZ, 10 ppb
Pb, 3 ppb ATZ/10 ppb Pb mixture, and 30 ppb
ATZ/10 ppb Pb mixture (Figure 4, option 1). Similarly,
in experiment 2 treatments were 0 ppb (water only),
3 ppb ATZ, 30 ppb ATZ, 100 ppb Pb, 3 ppb ATZ/100 ppb
Pb mixture, and 30 ppb ATZ/100 ppb Pb mixture
(Figure 4, option 2). The experiment was initiated at
1 hour postfertilization (hpf) with chemical treatments
through 120 hpf (early larval period). At 120 hpf, the
larvae were rinsed from their treatments to stop exposure to these chemicals (Figure 4).
Following this, the larvae were allocated into each well of
a 96-well plate, where each column is randomly assigned
a treatment group. Sixteen subsamples of each of the
6 chemical treatments were included in each 96-well
plate. Larvae were acclimated for 10 minutes in the plate,
and then the visual motor response assay was completed
using the DanioVision (Noldus) to track movement. The
DanioVision recorded various locomotor endpoints such
as distance moved, velocity, and center-point time spent
moving. Fish were exposed to five alternating periods of
10-minute intervals of dark and light phases. Data was
collected by phase. The visual motor response assay is
summarized in Figure 5.
The final step after the data was collected was to complete analysis in the Ethovision software and perform
statistical analyses. After exporting the data files from
Ethovision, the raw data were sorted. Outlier analysis
was completed with the Grubb’s test and outliers were
removed to decrease variability and increase the
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FIGURE 4. Representation of embryo collection and chemical dosing. Adult
zebrafish were bred to obtain embryos. Embryos were collected and randomly
assorted into the different chemical treatments in petri dishes. Two experiments
were completed to assess mixtures of 3 and 30 ppb ATZ with 10 and 100 ppb
Pb (as option 1 for 10 ppb Pb mixtures and as option 2 for 100 ppb Pb mixtures).
Chemical exposures occurred from 1 to 120 hpf.

FIGURE 5. Zebrafish larval visual motor response assay. At 120 hpf locomotor behavior
data was acquired on the DanioVision (Noldus) from larvae placed in a 96-well plate.
The data was collected using the “White Light Routine,” which ensures an accurate
reading. Lastly, the data was analyzed in Ethovision software from the multiple replicates
and then statistically analyzed using a repeated measures ANOVA (α = 0.05) in SAS to
determine locomotor differences among the treatment groups within each phase.

statistical power. Data was then statistically analyzed in
SAS with a repeated measures ANOVA to determine
locomotor movement differences within the treatments
within each dark and light phase (α = 0.05). Zebrafish
larvae move less within light periods to avoid predators
and increase their movement during the dark phases. Six
biological replicates (each with 16 subsamples per
treatment) were collected to total 96 total fish per
treatment in each experiment.

RESULTS
There were two sets of experimental mixture groups
tested, which included the 10 ppb Pb treatment group in
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mixture with either 3 or 30 ppb ATZ (Figure 4, Option 1)
and the 100 ppb Pb treatment group in mixture with
either 3 or 30 ppb ATZ (Figure 4, Option 2). In addition,
each chemical treatment alone, along with the control
treatment (0 ppb, water only), was included in each
experiment. Three locomotor endpoints were assessed
and included total distance moved, mean velocity, and
time spent moving. When comparing locomotor movement within each dark and light phase compared to the
control treatment group within each phase for experiment 1 with the 10 ppb Pb treatment group, hypoactivity
(a decrease in movement) was observed within the 10
ppb Pb treatment group in the 1st light phase and 3rd
dark phase in all three parameters (p < 0.05; Figure 6).
In addition, hypoactivity was detected in the 10 ppb Pb

treatment group in the 2nd light phase for total distance
moving and velocity (p < 0.05; Figure 6). The 30 ppb
ATZ/10 ppb Pb mixture treatment group showed a
similar response with hypoactivity in the 1st light phase
for all three parameters, but in the 2nd light phase for
only total distance moved and velocity (p < 0.05; Figure
6). In addition, this mixture treatment group (30 ppb
ATZ/10 ppb Pb) also showed hypoactivity in the 2nd and
3rd dark phase for total distance moved and velocity
(p < 0.05; Figure 6). Fish within the 30 ppb ATZ

treatment group were hypoactive in the 2nd dark phase
for total distance moved and velocity and in the 3rd dark
phase in all three parameters (p < 0.05; Figure 6).
Conversely, all treatment groups except the 30 ppb ATZ
treatment group had hypoactivity in the 2nd light phase
for total distance moved and velocity (p < 0.05; Figure 6).
Hyperactivity (an increase in movement) was only
observed for the 3 ppb ATZ/10 ppb Pb mixture treatment group in the 1st dark phase in time spent moving
(p < 0.05; Figure 6C).

FIGURE 6. Phasic behavioral alterations at 120 hpf from experiment 1 with the 10 ppb Pb and ATZ mixture treatment
groups. (A) Total distance moved, (B) mean velocity, and (C) time spent moving were compared within the five alternating
dark and light phases during the visual motor response assay. As expected, larvae moved more during the dark phases,
compared to the light phases. Most commonly hypoactivity was observed in multiple treatment groups among several
phases in the three parameters assessed. Hyperactivity was only observed in the 3 ppb ATZ/10 ppb Pb mixture treatment
group during the 1st dark phase for time spent moving. N = 6 replicates with 16 subsamples per treatment group within
each biological replicate to total 96 larvae per treatment group. Error bars are standard deviation. *p < 0.05 when
compared to control group (0 ppb) within each phase.
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FIGURE 7. Phasic behavioral alterations at 120 hpf from experiment 2 with the 100 ppb Pb and ATZ mixture treatment
groups. (A) Total distance moved, (B) mean velocity, and (C) time spent moving were compared within the five alternating
dark and light phases during the visual motor response assay. As expected, larvae moved more during the dark phases,
compared to the light phases. Hypoactivity was observed within the two mixture treatment groups at multiple phases
among all three parameters. The 100 ppb Pb and 30 ppb ATZ single chemical exposure groups also had hypoactivity in
light phases for total distance moved and velocity and for the 30 ppb ATZ treatment group within the 2nd dark phase for
time spent moving. Hyperactivity was observed within the 3 ppb ATZ treatment group in the 3rd dark phase for all three
parameters. N = 6 replicates with 16 subsamples per treatment group within each biological replicate to total 96 larvae per
treatment group. Error bars are standard deviation. *p < 0.05 when compared to control group (0 ppb) within each phase.

Within the 100 ppb Pb mixture data, the phasic behavior
data also showed hypoactivity in the two mixture
treatments groups (i.e., 3 ppb ATZ/100 ppb Pb and
30 ppb ATZ/100 ppb Pb) for the 1st dark phase and 2nd
light phase for total distance moved and velocity and in
the 1st and 3rd dark phase for time spent moving
(p < 0.05) (Figure 7). In addition, the 3 ppb ATZ/100 ppb
Pb mixture treatment group had hypoactivity in the 3rd
dark phase for total distance moved and velocity, while
the 30 ppb ATZ/100 ppb Pb mixture treatment group
64
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was also hypoactive for time spent moving in the 2nd
dark phase and 2nd light phase (p < 0.05) (Figure 7).
Within the single chemical treatment groups, the 100
ppb Pb group showed hypoactivity in the 1st and 2nd
light phase for distance moved and velocity (p < 0.05)
(Figure 7). The 30 ppb ATZ treatment group was also
hypoactive in the 2nd light phase for total distance
moved and velocity and in the 2nd dark phase for time
spent moving (p < 0.05) (Figure 7). Hyperactivity was
only observed within the 3 ppb ATZ treatment group

during the 3rd dark phase for all three parameters
(p < 0.05) (Figure 7).

DISCUSSION
Since environment chemical contaminants are most
commonly found in mixtures with other chemicals, it is
very important to understand the effects of mixtures as we
are constantly exposed through ingestion from drinking
water sources or inhalation of particles. The two environmental chemical contaminants studied in this project
(ATZ and Pb) have both been extensively studied over the
years on their single-exposure effects. Both ATZ and Pb
have shown long-term developmental effects and neurotoxic outcomes. ATZ exposures are reported to affect the
neuroendocrine system, specifically the hypothalamus-
pituitary-gonadal (HPG) axis. Studies completed with
female and male rat models support that ATZ targets the
neuroendocrine system (hypothalamus-pituitary),
affecting multiple downstream endocrine axes and their
associated biological functions (reviewed in Stradtman &
Freeman, 2021). Additionally, studies completed with the
zebrafish identified reproductive dysfunction in adult fish
exposed to ATZ only during development with inhibition
of specific hormones (Wirbisky et al., 2016). Likewise, Pb
also has serious impacts on the nervous system resulting
in neurotoxicity. In addition, low levels of Pb exposure can
interfere with the endocrine system including alterations
in testicular development (Li et al., 2019). Due to Pb’s
nonbiodegradable chemical property, this chemical
persists in our environment, making Pb exposure still
relevant to understand adverse health impacts. This is
especially important for certain susceptible populations
such as midwestern U.S. households with homes built
prior to 1986, children, and populations in developing
countries, all of which are at an increased risk of ATZ
and/or Pb exposure.

visual motor response assay. The results supported that
overall the single chemical exposure to ATZ agreed with
past studies showing hyperactivity in the 3 ppb treatment
groups and hypoactivity in the 30 ppb treatment groups,
while the 10 and 100 ppb Pb single chemical treatments
were also hypoactive (Ahkin Chin Tai et al., 2021).
Among the mixture treatment groups the 3 ppb
ATZ/10 ppb Pb group showed the least significant
changes compared to the other mixture treatments
supporting an additive toxicity. Interestingly, although
in experiment 2 the 3 ppb ATZ single chemical treatment group showed hyperactivity in the 3rd dark phase
for all three parameters, this hyperactivity was overcome
when in mixture with 100 ppb Pb where fish within this
treatment group were hypoactive in the same phase.
When combined with the additive toxicity observed
among the mixture treatment groups, this finding
supports the occurrence of a likely greater than additive
toxicity. Future investigations are needed to further
define the mixture interaction relationships among
additional endpoints and the toxicity mechanisms that
drive the mixture interaction.
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